We present an experimental and theoretical study of electronic spin decoherence in ensembles of nitrogen-vacancy (NV) color centers in bulk high-purity diamond at room temperature. Under appropriate conditions, we find ensemble NV spin coherence times (T2) comparable to that of single NVs, with T2 > 600 µs for a sample with natural abundance of 13 C and paramagnetic impurity density ∼ 10 15 cm −3 . We also observe a sharp decrease of the coherence time with misalignment of the static magnetic field relative to the NV electronic spin axis, consistent with theoretical modeling of NV coupling to a 13 C nuclear spin bath. The long coherence times and increased signal-to-noise provided by room-temperature NV ensembles will aid many applications of NV centers in precision magnetometry and quantum information.
The Nitrogen-Vacancy (NV) color center in diamond is a promising solid state platform for studying the quantum dynamics of spin systems. Experiments demonstrating spin-state control and manipulation using single NV centers and their nuclear environment [1] [2] [3] [4] [5] have inspired recent work towards quantum information applications of NV diamond, as well as applications to precision magnetic field sensing, [6] [7] [8] including the life sciences. 9, 10 Common to all proposals is a desire for long NV electronic spin coherence times, ideally at room temperature, and high signal-to-noise of the NV spin-state-dependent optical fluorescence.
Electronic spin decoherence of the NV center (S = 1) is governed by interactions with the surrounding bath of nuclear and paramagnetic spins ( Fig. 1(a) ). In high purity diamond, decoherence is dominated by 13 C nuclear spins (I = 1/2), 11 which are dispersed through the crystal with a natural abundance of 1.1%. Electronic spin coherence times (T 2 ) longer than 600 µs at room temperature have been observed for individual NV centers in this type of sample.
7,12 T 2 can be increased by isotopically enriching the diamond;
12 for example, T 2 > 1.8 ms at room temperature has been observed in isotopically enriched ultra-pure diamond with 0.3% 13 C.
13
In addition to long electronic spin T 2 , enhancing the signal-to-noise of NV spin-state-dependent fluorescence is of significant benefit to precision magnetometry. To that end, ensembles of NV centers have been proposed, 6, 14 for which signal-to-noise ideally increases as the square root of the number of NVs in the ensemble. The use of large spin ensembles with good coherence times is also important for collective quantum memories. [15] [16] [17] Increasing the density of NV centers, however, is accompanied by an increased density of residual nitrogen paramagnetic impurities, which can become the dominant source of NV spin decoherence, reducing T 2 below the limit set by nuclear spins alone. [18] [19] [20] Furthermore, the large variation of coherence times for individual NV electronic spins, due to the random distribution of 13 C near each NV center, can also affect ensemble coherence. Therefore, a detailed arXiv:1006.4219v2 [cond-mat.mes-hall] 24 Jan 2011 understanding of decoherence mechanisms affecting NV centers -both single NVs and ensembles -accompanied by the development of control techniques to mitigate decoherence is of great importance for both precision measurement and quantum information applications.
Only limited studies of electronic spin decoherence in ensembles of NV centers have been previously reported. At room temperature, ensemble T 2 times of 58 µs were measured in CVD diamond; 21 whereas at low temperature (< 2 K) and high magnetic field (> 8 T), NV ensemble T 2 of 250 µs was measured in high-temperature high-pressure type 1b diamond, decreasing to T 2 < 10µs for temperatures > 20 K.
22
In the present Rapid communication, we report an experimental and theoretical study of the coherence properties of NV electronic spin ensembles in room temperature diamond samples of different paramagnetic nitrogen (and consequently NV) concentrations. For a lower nitrogen density sample (≈ 10 15 cm −3 ) with natural abundance of 13 C, we find NV ensemble T 2 in excess of 600µs, comparable to the best results for single NV center measurements in natural isotopic abundance diamond and an order of magnitude greater than previous room-temperature ensemble measurements. For a higher nitrogen density sample (≈ 5 × 10 15 cm −3 ) with natural abundance of 13 C, we find an NV ensemble T 2 ≈ 300 µs. Furthermore, for both samples we find a sharp decrease in the NV ensemble T 2 with misalignment of the static magnetic field relative to the NV electronic spin axis being studied, which is consistent with our theoretical modeling of an ensemble of NV electronic spins interacting with a 13 C spin bath.
11
For high-purity diamond, decoherence of single NV electronic spins is dominated by hyperfine interactions with nearby 13 C nuclear spins. The contact term of this interaction decreases exponentially with separation; after a few lattice sites it is not larger than a few MHz.
23
Meanwhile, the dipolar part of this interaction decreases as r −3 and is responsible for the collapses and revivals observed in Hahn-echo measurements of single NV centers.
1 When the externally applied static magnetic field is aligned with the NV axis, the dipolar field contributions of all 13 C nuclei cancel after each 2π Larmor precession period of the 13 C nuclear spins, as can be measured by the Hahn-echo sequence.
1-3 Over longer timescales (> 600 µs for natural abundance 13 C), weak dipole-dipole interactions between 13 C nuclei and between 13 C and paramagnetic impurities induce fluctuations ("flip-flops") in the NV-13 C hyperfine interaction, leading to NV spin decoherence. The predicted form of this decoherence for the Hahn-echo signal of an individual NV is exp [−βτ n ], where n is between 3 and 4 and the constant β depends on details of the relative location of nearby 13 C nuclei.
11
However, when the magnetic field makes a small angle θ with the NV axis, the Larmor precession frequency Ω i of individual 13 C nuclei is modified by the hyperfine interaction with the NV center to become dependent on θ and the relative NV-13 C position r i : Ω i = Ω 0 + δΩ (θ, r i ). As a consequence, 13 C nuclei do not all precess with the same frequency and thus their modulations of the NV spin coherence do not rephase at the same time in the Hahn-echo sequence, inducing NV spin decoherence of the form exp −α (θ) bτ 2 .
11 Here α (θ) describes the misalignment angle dependence of the imperfect Hahn-echo rephasing, and b is proportional to the square of the hyperfine interaction between the NV electronic spin and the nearest 13 C nuclear spin. For small θ, α (θ) θ 2 .
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Note that the physics of this angle-dependent NV spin decoherence is fundamentally different from previously observed effects for donor electron spins in semiconductors such as Si:P.
25,26 For Si:P and similar S = 1/2 systems, the electronic spin quantization axis points along the external magnetic field; whereas for NV centers, the anisotropy of the electronic distribution causes spin quantization along the NV axis for small magnetic fields (< 500 G). In Si:P and similar systems, electron spin decoherence is dominated by fluctuations of a dipolarcoupled nuclear spin bath, and is maximized when the magnetic field is aligned along the [111] axis, due to the enhanced flip-flop rate of the nuclear spins arising from the angular dependence of their dipolar coupling. As noted above, NV spin decoherence is minimized when the magnetic field is aligned with the NV axis.
In diamond samples where the concentration of NV centers is low enough that they do not interact significantly with each other and with nitrogen paramagnetic impurities, the ensemble Hahn-echo signal can be considered as the average of many independent signals from individual NV centers. In this case, the ensemble Hahnecho signal envelope, E(τ ), can be significantly different from measurements of single NV centers, 27, 28 because an ensemble contains a broad distribution of spin coherence lifetimes due to variations in the location of 13 C nuclei proximal to individual NVs in the ensemble:
Here, f (b) is the probability distribution for the magnitude of the NV-proximal 13 C hyperfine-interactionsquared in an ensemble. Depending on details of this distribution, the ensemble Hahn-echo signal envelope can have either a single exponential or Gaussian decay at large times τ .
27,28
In our experiments we used a custom-built, wide-fieldof-view fluorescence microscope to measure the coherence properties of large ensembles of NV centers. The electronic spin state of negatively charged NV centers can be polarized, manipulated and read-out using optical and microwave excitation (see Figure 1(b) ). Spin-statedependent radiative-relaxation enables NV polarization and readout: NVs initially in m s = 0 optically cycle between the ground and an electronically excited "bright" state, while NVs initially in |m s | = 1 have a significant branching to a long lived metastable "dark" state that non-radiatively relaxes to m s = 0. Optical excitation is provided by a switched 532nm laser source, focussed onto . Clearly seen in this data is a sharp decrease of the ensemble NV coherence lifetime T2 as the B0 field is misaligned from the NV electronic spin axis, and as the paramagnetic impurity level increases. For each data plot, the left vertical axis indicates the measured probability for NVs in the ensemble to be in the ms = 0 state at the end of a Hahn-echo experiment, as a function of the echo time τ ; the black line is a fit of exp [− (τ /T 2 ) n ] to the overall Hahn-echo signal envelope, where the exponent n is a fit parameter and the long term baseline is taken to be 0.5 (the mixed spin state); and the errors in θ, T2 and n are given by one-standard-deviation confidence intervals of the fit. The red line is a fit to the observed echo-signal modulations, which are collapses and revivals of NV spin coherence induced by precession of the natural abundance 13 C nuclear spin bath in applied, hyperfine and dipolar magnetic fields.
the sample with a 20x objective. Fluorescence emanating from the sample is collected back through the same objective, then filtered and imaged onto a CCD array. The use of a CCD array allows the sample response to be spatially resolved with resolution < 1 µm and field-of-view > 100 µm. The ensemble of NVs is coherently manipulated on a ground-state electronic spin transition with a resonant microwave magnetic field generated from a loop antenna placed close to the diamond sample, which produces a homogenous microwave B 1 field over the region of interest. The degeneracy of the m s = 0 to m s = ±1 ground-state spin transitions is lifted by a uniform static B 0 magnetic field, applied using a permanent magnet trimmed by a 3-axis set of Helmholtz coils. Precise alignment of B 0 allows a subset of NVs in the ensemble, corresponding to one of four crystallographic orientations, to be spectrally distinguished by their spin transitions. The orientation θ and magnitude B 0 of the applied magnetic field relative to the axis of one class of NV centers is determined from the Zeeman shifts of the NV groundstate electronic spin resonances (ESR) together with the measured Hahn-echo revival frequency, B 0 = ω L /γ 13 C .
29
We employed two CVD diamond samples in our measurements of NV ensembles. Each sample consists of a pure diamond substrate (3 × 3 × 0.2 mm) with < 1 ppm of ambient nitrogen impurity and < 10 12 cm −3 NV density, which was overgrown with a high NV content layer ≈ 2µm thick. The density of NV centers in the thin layer region of sample A and B is approximately 3 × 10 13 cm −3 and 1 × 10 14 cm −3 respectively, as determined by fluorescence measurements normalized to single NV measurements made on each sample using a confocal microscope optimized for NV measurements, similar to that used in Ref. 7 . The density of nitrogen impurities in the samples is approximately 50 times larger, as determined by the CVD growth procedure. A Hahn-echo pulse sequence (illustrated in Fig. 1(c) ) was used to measure the electronic spin coherence time of the NV ensemble in each of the two samples. NV centers were first prepared in the m s = 0 ground state by applying a 532 nm laser excitation pulse. The Hahn-echo sequence (π/ 2 − τ − π − τ − π/ 2 ) was then repeated for a range of free spin evolution periods τ (the final π/ 2 pulse in this sequence projects a coherent superposition of NV spin states into a population difference, which is detected via spin-state-dependent fluorescence). The data presented here is the integrated response of regions with area ≈ 30µm 2 and 2µm depth in each sample, averaged over ∼ 10 5 identical experiments. Thus, NV en-sembles consisted of ∼ 10 3 NV spins of a single crystallographic class in the detection region. Over macroscopic distances (∼ 1 mm), each diamond sample was found to have uniform spin coherence properties. n ]. Sample A (lower NV and nitrogen concentration) was measured for θ ranging from 90 to 180 degrees; sample B (higher NV and nitrogen concentration) was measured for θ from 0 to 180 degrees. Solid curve in (a) is the prediction of the NV ensemble decoherence model, as described in the main text.
As shown in Figs. 2 and 3 , we measured ensemble NV coherence times comparable to that for single NVs in each sample: T 2 > 600 µs for sample A and T 2 ≈ 300 µs for sample B, with the static magnetic field B 0 well aligned with the NV electronic spin axis. Our measurements also confirm the predicted 11 sharp decrease of NV T 2 with small misalignment of B 0 from the NV axis. Example Hahn-echo measurements for three representative misalignment angles θ are shown in Fig. 2 for samples A and B; whereas Fig. 3 summarizes the results of a larger set of systematic measurements of ensemble NV T 2 as a function of θ. In all these measurements, the Hahn-echo signal envelope was fit to exp [− (τ / T2 ) n ] to determine the coherence lifetime T 2 ( Fig. 3(a) ) and decay exponent n (Fig. 3(b) ). Good agreement is found between our experimentally-determined values for T 2 as a function of θ and theoretical predictions (see solid curve in Fig. 3(a) ), which include the decoherence contributions from proximal 13 C nuclear spins via the form exp −α (θ) bτ 2 .
11,30
Decoherence due to 13 C "flip-flops" was included phenomenologically by multiplying the simulated NV echo signal by exp − τ / T2(θ=0) 4 . The low values for the decay exponent n in ensemble experiments is explained by the large dispersion of the dominant NV-13 C dipoledipole interaction (see Eq. 1). The distribution of this interaction squared, f (b), was determined by calculating the effect of 13 C nuclei placed randomly in the diamond lattice at natural isotopic abundance. For the dominant NV-13 C dipole-dipole interaction, we find that this distribution scales as f (b) ∼ b −3/2 for 13 C nuclei within about 10 nm of an NV center. Thus, f (b) more closely resembles a Lorentzian than a Gaussian distribution, resulting in Hahn-echo signal envelopes that decay more like a single exponential than a Gaussian at large times (see Fig. 2 ). Note that for sample B, the experimentallydetermined decay exponent is n 1 even for θ 0 (Fig. 3(b) ), which could result from interactions between NV spins and the higher density of paramagnetic impurities (nitrogen and NVs) in this sample.
In summary, we demonstrated experimentally that large ensembles of NV centers in high-purity diamond with natural abundance of 13 C can have electronic spin coherence lifetimes at room temperature that are comparable to the best measured for single NV centers (T 2 > 600 µs). We also found a sharp decrease in NV T 2 as the applied magnetic field is misaligned from the NV axis, consistent with the predictions of our model for an ensemble of NV electronic spins (S = 1) coupled via position-dependent hyperfine interactions to a 13 C nuclear spin bath, leading to imperfect 13 C spin-echo revivals and hence NV decoherence. Our results demonstrate the potential of NV ensembles for applications in precision magnetometry in both the physical and life sciences, combining long electronic spin coherence times at room temperature with the enhanced signal-to-noise ratio provided by many NVs in the detection volume. 6 In addition, the demonstrated techniques could be used to increase the coherence time of solid-state quantum memories, such as an NV electronic spin ensemble coupled to a superconducting resonator 15, 16 or flux qubit.
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